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1.
Introduction.
Practically the only deterioration occurring in the
steam turbine that can affect the steam consumption to any ap-
preciable degree comes from the cutting action of the steam or
water upon the blades. While the resultant wear from this ac-
tion is not serious in most cases, there are occasions when the
wear may be so great as to cause an increase in the steam con-
sumption. It appears to be a well established fact that steam
of good quality issuing at low velocity from an orifice does
not appreciably erode turbine blades, yet it is equally true
that T/ith the presence of moisture in steam moving at a high
velocity, the erosion occurs at a greatly increased rate.
In 1904 Mr. Francis Hodgkinson presented a paper
before the American Society of Mechanical Engineers in which
he gave the results of some experiments which he had conducted
concerning the erosion of turbine blades. In these experiments
hard draT^oi Delta metal blades were exposed to steam jets for
one hundred and twenty eight hours. Two nozzles were used and
the respective velocities were approximately 2,900 and 600 feet
per second. Unfortunately no attempt was made to observe the
quality of the steam, so the only comparison that could be made
was relative to the wear resulting from the different veloci-
ties, the wear being much greater in the case of high velocity
than with low velocity.
Aside from this there appears to be almost an ab-
solute lack of data of any kind relating to the erosive action
of steam. To determine, then, the result of this action, and to
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2obtain data from which comparisons may be made of the different
degrees of wear resulting from oteam of different qualities and
moving at different velocities, has been the object of the ex-
periments the results of which are included in this thesis.
Theory Concerned in the Plow of Steam Through Nozzles.
Determination of Velocity.
In calculations concerning the flow of steam it is
assumed that the flow is adiabatic, and then corrections are
made, if necessary, from the results of actual tests. This as-
sumption is made to include the conversion of all available
heat energy into steam
,
without gain or loos of heat through
conduction, radiation, friction, or otherwise, and the perma-
nence of the amount of energy in the steam at all steps in the
process, though the form of energy may be changed.
Suppose that steam is flowing from the region of
higher pressure (p^^) through a nozzle to a region of lower pres-
sure (Pg)' Under the assumption made above, the expansion is a
frictionless, adiabatic one, and the drop in the heat contents
(H^ ~ ^g) used to increase the kinetic energy of the steam
jet. If (vq) denotes the theoretical velocity of the steam is-
suing from the nozzle, then the kinetic energy of a pound of
I v^
steam is (-2L_) foot pounds. This increase in kinetic energy is
2g
equivalent to the heat given up during the expansion. Since one
British Thermal Unit is equivalent to 778 foot pounds, the work
equivalent of the heat given up during any expansion is

W = 778 (H, - H„)
Substituting for (W) its equivalent (-2^),
2g
2g
=
= 225.7 V - Eg (l)
PrictionlesB flow of steam is never attained in prac-
tice, because the friction of the nozzle can not be avoided. A
relation can be determined, however, between the actual and the
theoretical velocities: Let (x) be the fraction of the heat drop
(H - H ) which is lost in friction. Then from formula (l),let-
l 2
ting (v^) be the actual velocity.
2g 2g
= (1 - v) or
V = V VI - X (2)
1 o
Practice has shown that the friction loss is approx-
imately ten percent of the heat drop (H^ " ^^2^ • '1'^®^ V 1 - x ,
where (x) = .10
,
equals approximately .95 , or the actual ve-
locity is approximately .95 of the theoretical velocity.
Design of Nozzle.
In any nozzle, the volume of steam passing any cross
section is equal to the product of the area of the cross section
and the velocity. It is also equal to the number of pounds of
steam flowing, per second multiplied by the volume per pound. The
cross section area of a nozzle may therefore be determined as
follows:

4Let (G) = number of potinds of steam flowing per second,
w = volume of one pound, in cubic feet.
v^= velocity in feet per second.
A = area of cross section in square inches.
Then Av^ = Gw X 144
or A = M4_G2L. (3)
^1
The length of the nozzle may be obtained as follows
Let = diameterin inches of the outlet end of the nozzlo.
b = throat diameter in inches,
c = angle betv/een opposite sides of the nozzle.
L = length of nozzle in inches.
Then L = ^ "
^
. (4)
2 tan 5—
2
When steam flows from a region of higher pressure
through a nozzle, the specific volume, for a certain distance
does not increase as rapidly as the velocity of the steam. This
part of the nozzle, then, obviously must be converging as shown
in Pig. 1. Hoever a certain point is reached where the pressure
is approximately 0.577 of the initial pressure; at this point
the specific volume and the velocity are increasing at the same
rate. Prom here on, however, the specific volume increases with
greater rapidity than does the steam velocity, consequently the
nozzle should be made diverging as shown in Pig. 2.
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Method of Conducting Tests.
Description of Apparatus Used.
Two separate sets of apparatus were used at the same
time in the performance of the tests, one in which steam of the
best quality obtainable was used, and the other in which com-
paratively wet steam was obtained.
Each set of apparatus was constructed as shown in
Figs. 3 and 4. A diaphragm or plate of cast iron (Pigs. 5 and 6)
was inserted between two six inch pipes, one of which was con-
nected to the steam main, the other to the condenser, gate
valves inserted in each connection. The center of the diaphragm
was bored to permit of the insertion of the various nozzles,
designed for the different steam velocities, a steam thight fit
being made between the nozzle and the diaphragm. On the condens-
er side of the diaphragm was bolted an adjustable bracket for
holding the turbine blade directly in front of the nozzle out-
let. Gages were connected to the pipe on either side of the di-
aphragm, and a throttling calorimeter was connected on the live
steam side.
Description of Method of Performing Tests.
Steam was adjnitted at full pressure on the live steam
side of the diaphragm and allowed to flow through the nozzle,
striking the turbine blade at approximately the same angle at
which the entering steam strikes the blades in a turbine. Tests
of ten hours duration were made, readings being taken at half-
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hour intervalB of th© steam in the calorimeter and of the pres-
sures of the steam on either side of the diaphragm. At the end
of each test, th© blade was removed from the apparatus and care-
fully cleaned, dried, and weighed.
By means of the valve in the pipe on the exhaust side
of the diaphragm, th© steam pressure could b© regulated so as to
obtain any desired velocity through the nozzle. Constant pres-
sures were maintained as nearly as possible throughout each test.
Cocks were provided on each side of the diaphragm to permit of
the draining of the condensed steam from th© pipes.
In order to study the effect of wet steam, the pipe
on th© live steam side of one set of apparatus was wrapped in
waste, over which a continual stream of cold water was kept run-
ning. This caused sufficient condensation to reduce the quality
of the steam by approximately two percent.
Description of Tests.
In all tests conducted, blades from, a Kerr steam
turbine were used (Pig. 7). These are drop forgings made from a
good grade of steel, and when mad© for actual use in a turbine
are not subjected to any further finishing. The blades used in
the tests, however, had been cleaned and polished to a certain
extent, and presented a much smoother surface than do commercial
blades.
In th© first set of apparatus th© steam as obtained
from the steam mains was used; it had an average quality of 99.5
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percent. Low steam velocities were used, to begin with, the first
determination being made with an esdiaust pressure as near as
possible to the critical (or .577 of the initial pressure). The
velocity was then increased by increments of approximately 500
feet per second, at least two tests being run at each velocity,
until a velocity of approximately 3000 feet per second was ob-
tained .
In the second set of apparatus wet steam with an
average quality of about 97.5 percent was used. The moisture
was obtained by wrapping the pipe on the live steam side of the
blade diaphragm with waste and keeping it continually saturated
with cold water; this brought about sufficient condensation in
the pipe to materially reduce the quality of the steam. In other
respects the tests conducted with this apparatus were similar to
those of the first.
Discussion of Results.
The results of the above experiments, given on page
14, show quite definitely the action upon the turbine blades of
steam of different qualities moving at various velocities. The
most important result achieved is the collection of sufficient
reliable data to make a comparison of the relative erosive ef-
fects of dry and of wet steam and of steam flowing at low and
at high velocities.
On blade nijjnber one, against which comparatively
dry steam impinged, the total number of hours test was 150,with

14..
BLADE No. 1.
No. Absolute Calorira,
Prenouron Temp,
lb./ sq, iti. op.
Quality
of
Steam
Heat Drop
in
B . T . U
.
Velocity
in
ft ./sec
.
Loss in
Wein-ht
c^raiTis
.
1 156 100. 296 99 .4 32 1270 .0070
2 149 87.5 294 99.4 36 1340 .0053
3 148 87.5 291 99.25 34 1300 .0003
4 150 89. 291 99.3 38 1380 .0034
5 152 53. 296 99.5 72 1890 .0010
6 147 50. 290 99.2 72 1890 .0003
7 152 20.6 287 99.0 130 2550 .0007
8 155 20.9 293 99 . 25 130 2550 .0014
9 152 20.1 296 99 .
5
131 2560 .0034
10 143 14.0 295 99 .6 150 2740 .0018
11 156 7.5 298 99.6 188 3070 .0038
12 150 7.7 296 99.5 185 3050 .0033
115 152 7.0 296 99.5 193 3110 .0053
14 155 8.3 287 98 .9 181 3010 .0030
15 145 21.2 292 99.4
BLADE No.
126
2.
2500 .0016
1 154 R7.0 242 96
.
/I o
2 15o 89.0 253 97
.
1
4.1 .0330
7> 150 44.0 259 ^ f *o O J. .0194
4 156 45.5 256 c' • 3 m . 0575
5 154 20.0 264 1 oc:
6 157 20.0 259 LOti
7 155 20.0 262
^7 / .6 .0110
8 150 8.6 261 97.6 . UooX
9 143 8.2 266 98.0 170 2910 .0505
10 152 7.7 262 97.6 182 3020 .0416
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a resultsmt total wear of 0.0416 grams. On "blade number two, eub
j acted to the flow of wet steam, but 100 houra of test was made,
yet the wear was 0.3715 grams, or approximately nine times as
much as In the first instance. The quality cf* the steam in the
second case (97.5) W8,s but two percent lower than that in the
first case, and even at that may be considered commercially dry
steam.
The increase in the wear at high velocities is plain
ly evident, but with steam of 99.5 percent quality the wear is
so slight as to be practically in appreciable. It will be noted
that in the case of both blades there was a great amount of wear
in the first one or two tests; this was probably due to the pol-
ishing away of little projections on the surface of the blade
wich were not removed by machining.
It must be borne in mind that in these tests the ve-
locity of the steam was absolute, and that in a turbine the ef-
fective velocity is the velocity relative to the buckets. Since
in the Kerr turbine (the type from which these blades used were
obtained) the nozzles are converging and the absolute velocity
of the steam is not over 1400 foet per second, the determination
of the velocity of the steam relative to the blades, as illus-
trated in Pig. 8, brings the effective velocity down to about
1200 feet per second, a velocity so low that its effect upon
the blades is almost inappreciable.
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314.15 ^
Fig. &.
Diameter of Tiarbine wheel = 24"
R.P.M. = "^000
Entrance angle = 20°
Absolute team Velocity (ab) = 1400 feet per second.
Velocity of Blades (be) = 314.15 feet per second.
Relative Velocity of Steam (ac) = 1210 feet per second.
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